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Abstract: 
reflection-asymmetric (RA) nuclei are investigated by using the cranked shell model (CSM) with the monopole and 


By including octupole correlations in the Nilsson potential, the ground-state rotational bands in the 


quadrupole pairing correlations treated by a particle-number-conserving (PNC) method. The experimental kinematic 
moments of inertia (Mols) of alternating-parity bands in the even-even nuclei 236235U and 238240Pu, and parity-doublet 
bands in the odd-A nuclei” U and ”Pu are well reproduced by the PNC-CSM calculations. Compared to the neighbor- 
ing even-even nuclei236235U and 238240Pu, 50% ~ 60% increase of J“ can be seen for the intrinsic s = —i bands in 237U 
and 73°Pu. Those mainly attribute to the pairing reduction due to the Pauli blocking of the unpaired neutron occupying 
the neutron orbitals near the Fermi surface. The gradual increase of J“ versus rotational frequency can be explained 
by the pairing reduction due to the rotation. The present calculation shows that the Mols of the reflection-asymmetric 
nuclei are higher than those of the reflection-symmetric (RS) nuclei at the low rotational frequency. Furthermore, com- 
pared with the RS nuclei, the pairing reduction of the RA nuclei increase when a larger octupole deformation s3 is 
included in the calculation. 
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1 Introduction 


The typical features for octupole correlations in the 
ground-state reflection-asymmetric nuclei are the occurrence 
of alternating-parity bands in the even-mass nuclei and 
parity-doublet bands in the odd-mass nuclei!!!. These cor- 
relations in nuclei are caused by the long-range octupole- 
octupole interaction between single-particle states with Al = 
Aj = 3. In the light actinide mass region, the proton Fermi 
surface lies between f7,. and i,3,. orbitals, and the neutron 
Fermi surface lies between gop and jis,» orbitals in nuclei 
with Z ~ 88 and N ~ 134. Since the proximity of these 


levels, strong octupole coupling lead to intrinsic reflection 
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asymmetric shapes in the ground-state nuclei. 


In the actinide mass region, most odd-mass and even- 
even nuclei behave striking features of octupole correlations 


in the experiment’? 


It is found experimentally that the 
rotational behaviors of the yrast and negative-parity bands 
in 7363723817 and those in 238239240Pu are striking differ- 
ent, which are linked to variations with mass of the strength 
of octupole correlations'”'"!, In term of theoretical investi- 
gations, many approaches have been developed to describe 
the octupole correlations in the reflection-asymmetric nu- 
clei. These include reflection-asymmetric mean-field ap- 
proach!!7! cluster models!'?!, vibrational approaches!!*!, 
reflection asymmetric shell model!'*! and cranked shell 


model l!l, 


In the present work, the cranked shell model with the 
pairing correlations treated by a particle-number-conserving 
method is developed to investigated the alternating-parity 
bands in even-even nuclei 236238U and 238240Pu， and the 
parity-doublet bands in odd-A nuclei 237U and 23?Pu. In the 
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particle-number-conserving method, the cranked shell model 
Hamiltonian is diagonalized directly in the truncated Fock 
space. Thus, the particle number is conserved exactly and 
the Pauli blocking effect is taken into account spontaneously. 
The effects of rotation, Pauli blocking effects and the oc- 
tupole deformation on the pairing correlations in the U and 
Pu isotopes have been investigated by the PNC-CSM method 


in detail. 


2 Theoretical framework 


In the framework of the cranked shell model, the 
Hamiltonian of an axially deformed nucleus in the rotating 


frame l7- is 


Hesm = Hyi — OF, + Hp(O) + Hp(2), (1) 


where Hy = >》 Ayi(€s, €3, €4) is the Nilsson Hamiltonian, 
in which the quadrupole (€,), octupole (€3) and hexadecapole 
(£4) deformation parameters are included l!6?1, -œJ is the 
Coriolis interaction with the rotational frequency @ about the 
x axis (perpendicular to the symmetry z axis here). 

When œ = 0, the single-particle Hamiltonian Ayi has 
nonzero matrix elements of Yz) between different shell N. 
Since p = (—1)™, the parity is no longer a good quantum 
number, but (the single-particle angular momentum pro- 
jection on the symmetry axis) is still a good quantum num- 
ber. However, when œ + 0, the symmetry with respect to 
the reflection through plane yoz, S, operator, still holds. The 
single-particle orbitals can be labeled with the simplex quan- 
tum number s (the eigenvalues of S operator, s = +i). 

The pairing includes the monopole and quadrupole pair- 


ing correlations, 


Hp(0) = -Go 2 aaa, a,, (2) 
on 
Hp(2) = -G X, Ena, a; aza,, (3) 
on 


where é(ņ) is the eigenstate of the Nilsson Hamilto- 
nian hv, and E( is the time-reversed state, q,(€) = 
V 162/5(E|r’Y59|&) is the diagonal element of the stretched 
quadrupole operator, and Go and G, are the effective 
strengths of monopole and quadrupole pairing interactions, 
respectively. 

By diagonalizing the cranked shell model Hamiltonian 
in a sufficiently large cranked many-particle configuration 


(CMPC), a sufficiently accurate low-lying excited intrinsic 


wave function of the reflection-asymmetric nuclei are ob- 


tained as 


ly) = È Cili). (4) 


where |i) = |44 + H,) is a CMPC for an n-particle sys- 
tem, and HH M, are the occupied cranked Nilsson or- 
bitals. Each configuration |i} is characterized by the simplex 


Sis 


Si = Sj Spm Sige (5) 


where s, is the simplex of the particle occupying in orbital 
u. The kinematic moment of inertia of eigenstate |y} can be 


written as 


JO L (6) 


Experimentally, the rotational band with simplex quan- 
tum number s is characterized by spin states I of alternating 


parity [22] 
pase it (7) 


Therefore for reflection-asymmetric systems with even num- 


ber of nucleons we have 


s=+1l, I? =0*,1°,27,3°,-, (8) 


IP?=0 2S (9) 


s=-l, 


while for systems with odd number of nucleons we have 


s=ti, P = 1/2*,3/27,5/2*,7/27,-, (10) 


TP = 1/27, 3/2*, 5/27, 7/2*, +. (11) 


s=-Hi, 


The moments of inertia for alternating parity bands can 


be expressed as 


wit) _1 


is 5 PAs) (12) 


where |w) is the parity-independent wave function with the 
rotational frequency w obtained by the PNC-CSM method. 
The AJ® (œ) are parity splitting of the moments of inertia 
in the experimental alternating-parity bands, which can be 


obtained by 
AJ) = JM) = IP) (13) 


in which JP (œ) and J. i (@) are the experimental Mols of the 
negative- and positive-parity rotational bands corresponding 


to the rotational frequency ø. 
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(Color online) The experimental and calculated kinematic moments of inertia J“! for the alternating-parity bands in even-even nuclei 


236.2380 and 238240Pu, and parity-double bands in odd-A nuclei 237U and “°Pu. The experimental data for the negative (positive) 


parity band are denoted by solid (open) circle. The PNC-CSM calculations in the reflection-asymmetric nuclei are denoted by 


black solid lines. After considering the parity spitting of Eqs. (12) and (13), the negative and positive parity bands are denoted by 


dash-dotted and dotted lines, respectively. The PNC-CSM calculations in the reflection-symmetric nuclei (without es deformation) 


are shown by red dashed lines. 


3 Results and Discussions 


3.1 Parameters 


In this work, the Nilsson parameters (x, HU) are taken 
from Ref. 1. The deformations £,, £3, and £4 are input pa- 
rameters in the PNC-CSM method. The values of £, and £, 
are chosen close to the calculated deformations of the ground 
state in the actinide region’), The e} values used in this 
work are chosen by fitting the experimental Mols and align- 
ments of the ground-state bands in the U and Pu isotopes. 
The deformation parameters (€23, £3, €4) used in our PNC- 
CSM calculations are (0.200, 0.110, -0.055), (0.220, 0.130, 
-0.040), (0.228, 0.025, -0.065) and (0.230, 0.010, -0.045) for 
even-even nuclei SU, PSU, 238Pu and “Pu, respectively. 
The deformations of odd-A nuclei SU and ”Pu are taken 
as the average of the neighboring even-even nuclei. 

The effective pairing strengths Go and G,, in princi- 
ple, can be determined by the odd-even differences in nu- 
clear binding energies. The values are connected with the 
dimensions of the truncated cranked many-particle config- 
uration space. For even-even nuclei 30381] and ”840pu, 
the effective monopole and quadrupole pairing strengths are 
Gop = 0.25 MeV, G, = 0.03 MeV and Go, = 0.25 MeV, 


G» = 0.015 MeV for protons and neutrons, respectively. For 
odd-A nuclei 237U and ”Pu, the neutron pairing strengths 
are little smaller than those in even-even nuclei. For all nu- 
clei studied in this work, the CMPC space is constructed in 
the proton N = 5,6 and neutron N = 6,7 shells. The dimen- 
sions of the CMPC space are about 1000 for both protons and 


neutrons. 


3.2 Moments of inertia 


Figure 1 shows the experimental and calculated kine- 
matic moments of inertia J for the alternating-parity bands 
(s = +1) in even-even nuclei 236238U and 238240Pu，and 
parity-doublet bands (s = +i) in odd-A nuclei 27U and 
23?Pu. The experimental data for the negative (positive) par- 
ity band are denoted by green solid (open) circle. The PNC- 
CSM calculations in the reflection-asymmetric nuclei are de- 
noted by black solid lines. After considering the parity spit- 
ting of Eqs. (12) and (13), the negative and positive par- 
ity bands are denoted by dash-dotted and dotted lines, re- 
spectively. The PNC-CSM calculations in the reflection- 
symmetric nuclei (without £, deformation) are shown by red 
dashed lines. It can be seen that the experimental moments of 


inertia versus the rotational frequency fw are produced very 
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well by the PNC-CSM calculations. As shown in Figs. 1(b), 
l(c), 1(f), and 1(g), there are simplex splitting (solid black 
line) between s = +i and s = —i partner bands at hœ <0.10 
MeV in both odd-A nuclei 7°’U and “Pu. 

From Fig. 1, we can see that the moments of inertia J“ 

gradually increase versus rotational frequency in all nuclei. 
To see the increase of J“ in these nuclei more clearly, we 
show the differences in Mols of intrinsic rotational bands in 
236U at different rotational frequency. For other nuclei, the 
results are very similar, and will not shown here. The calcu- 
lated results for °°U are: 
J _ JU, ho = 0.30MeV) — JC*°U, ha = 0) 
TG) 
It can be seen that there are significant increase of J® with 
the rotational frequency increasing. 

In order to investigate the Pauli blocking effects on the 
odd-even differences in the Mols 6J/J, we study the Mols 
of the intrinsic s = —i rotational bands in odd-A nuclei 237U 
and “Pu and those in the neighboring even-even nuclei 236U 
and ***Pu at the bandhead fiw = 0.00 MeV. 


J _ JC7U,RA) — J?°°U, RA) 


= x 61.0%, 
J J(235U, RA) á 
*39Pu, RA) — JÊ Pu, RA 
aI A n RA T RA ag: 
J J(28Pu, RA) 


Therefore, the significant increase of moments of inertia J“ 
in the odd-A nuclei mainly attribute to the Pauli blocking ef- 
fects of the unpaired neutron, compared with the neighboring 
even-even nuclei. 

Furthermore, as shown in Fig. 1, the calculated Mols of 
the intrinsic rotational bands in the reflection-asymmetric nu- 
clei are obviously higher than those in reflection-symmetric 
nuclei. 
on the Mols, we study the differences in Mols 6J/J be- 


To show the effect of octupole deformation £3 


tween the reflection-asymmetric and reflection-symmetric 
rotational bands at the bandhead fw = 0.00 MeV. The cal- 


culated results for the U isotopes are: 


23677 /23617 
oS URA NO URS) gp ee 
J T@°U, RS) 
23777 _ rT 
ae LA URO O e ee 
ii J@TU, RS) 
JC237Uj 7723777 
oe Nee ee A ee 
J J@TU,RS) 
23877 7/2387 7 
OF CURA STC URS) om wag 
J T@3U, RS) 


x 87.3%. 


and the calculated results for the Pu isotopes are: 


238 _ 7238 
人 


J J (#8Pu, RS) 

239 _ 7239 
ôJ _ JC Pu, RA) — J( ey eee 
J J (39Pu, RS) 
8J J@”Pu, RA) — J(?°Pu, RS) 
SS Pf 14.1%, s = i, 
J J (739Pu, RS) 

240p RA) — 240p R 
os = J Pu, RA) — J ( Pu, RS) x 20.0%, s = +1. 
J J (249Pu, RS) 


We can see that the differences in the U isotopes are almost 
larger that those in the Pu isotopes. In this work, the s3 de- 
formations of U isotopes are about 0.10, while those in the 
Pu isotopes are about 0.02. Thus, it can been seen clearly 
that £, deformation give a very important contribution to the 


increase of the moments of inertia J“. 


In general, the increase of J‘ at low frequency, and the 
gradual increase of versus rotational frequency can be mainly 
attributed to the pairing reduction. In order to have a more 
clear understanding of the increase of J“, we study the ef- 
fects of rotation, Pauli blocking effects and the octupole de- 
formation on the pairing correlations in the U and Pu isotopes 


in detail. 


3.3 Pairing correlations 


In the PNC-CSM formalism, the nuclear pairing gap is 
defined as P5 


1 1/2 
= Go|- wi) (14) 


Figure. 2 shows the calculated proton and neutron pairing 
gaps A versus the rotational frequency ho for the alternating- 
parity bands in even-even nuclei 7°°738U and 238240Pu, and 
the parity-doublet bands in odd-A nuclei 237U and “Pu. 
The effective pairing strengths are the same for the PNC- 
CSM calculations for the reflection-asymmetric nuclei and 
reflection-symmetric nuclei. As shown in Fig. 2, the pairing 
gaps A in the reflection-asymmetric nuclei are almost larger 
than those in the reflection-symmetric nuclei for both pro- 
tons and neutrons. The pairing gaps decrease with increas- 
ing rotation frequency ha, and significantly decrease for the 


neutrons in the odd-A nuclei 237U and 239Pu. 


In order to investigate the effect of the rotational fre- 
quency on the pairing gap, we study the relative pairing re- 
duction on the rotational frequency hw = 0.30 MeV com- 
pared with the bandhead hœ = 0.00 MeV in the reflection- 


ZHANG Jun et al: Effects of rotation, blocking and octupole deformation on pairing correlations... pels 


Proton 
Neutron 


WE 


A(RA) 


Fig.2 (Color online) The calculated proton and neutron pairing gaps A versus the rotational frequency ho for the alternating-parity bands 
in even-even nuclei 34238U and 238240Pu, and parity-double bands in odd-A nuclei 237U and “°Pu. The PNC-CSM calculations in 


the reflection-asymmetric nuclei are denoted by black lines, and those in the reflection-symmetric nuclei (without £, deformation) 


are denoted by red lines. The solid and dotted lines are for protons and neutrons, respectively. 


asymmetric nuclei 7°°U, the calculated results are: 


6 A,C°U, ho = 0.30MeV) — 4,(7°U, œ = 0) 


一 = = 13.8%, 
> A, CU, œ = 0) 
64, 4, ®U, hw = 0.30MeV) — 4, (77°U, œ = 0) 
Ar 5%. 
A, A,,(236U, œ = 0) 


The results are very similar for other nuclei, which are not 
shown here. For both protons and neutrons, it can be seen 
that the pairing gaps decrease by about 10% at the frequency 
hw = 0.30 MeV compared with those at the bandhead fw = 
0.00 MeV. These result in the gradual increase of J® versus 
rotational frequency in all nuclei. 

Comparing Fig. 2(a), 2(d) and Fig. 2(b), 2(e), it is seen 
that the pairing gaps of neutron significantly decrease in the 
odd-A nuclei *’U and 7*’Pu. To see the effect of Pauli block 
effects on the pairing gap, we study the neutron pairing gaps 
of these nuclei at the bandhead fw = 0.00 MeV, the calcu- 


lated results are: 


64, _ å, ČU, RA) — 4,7°°U, RA) 


: 5 = 41.0%, 

5 4,(236U, RA) 
64, A,???Pu, RA) — 4,(?38Pu, RA) 

= . = 40.9%. 
A, 4 (238Pu, RA) 


We can see that the pairing gaps decrease about 40% in the 


odd-A nuclei compared with the neighboring even-even nu- 
clei, which lead to the significant increase of J® in the 
s = —i bands in the odd-A nuclei [see Figs.1(a), 1(c), 1(e) 
and 1(g) ]. 

To see the effect of the octupole deformation on the pair- 
ing gap, we study the pairing gaps at the bandhead Aœ = 0.00 
MeV in the “°U and 7*8Pu with reflection-asymmetric defor- 
mation and reflection-symmetric deformation, the calculated 


results for 26U are: 


6A, A,(?°°U, RA) — 4,(°U, RS) 


= = = 6.6%, 
: A, (6U, RS) 
64, AU,RA)— 4,7°°U, RS) 
a = 2.9%, 
A, A, (236U, RS) 
and the calculated results for 28Pu are: 
64, A,(?**Pu, RA) — 4,(??*Pu, RS) 
> 4, (738Pu, RS) 
64, A,C*Pu,RA) — 4,?**Pu, RS) 
= = 2.4%. 


4,,238Pu, RS) 

We can see that the pairing gap decrease in the reflection- 
asymmetric nuclei in the PNC-CSM calculation. Further- 
more, the pairing gap decrease more larger when the octupole 


deformation increasing [see Figs. 2(a) and 2(d)]. Therefore, 
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the octupole correlations give a certain effect on the increase 
of J“ in the reflection-asymmetric nuclei. The results are 


very similar for other nuclei, which are not shown here. 


4 Summary 


The reflection-asymmetric nuclei 236237238U and 


238,239.240by were investigated by the cranked shell model 
with pairing correlations treated by the particle-number- 
conserving method. The experimental moments of inertia 
of the alternating-parity bands in the even-even nuclei 
236.2380 and 238240Pu and the parity-doublet bands in the 
odd-A nuclei 237U and ”Pu are well reproduced by the 
PNC-CSM calculations. 


rotation, Pauli blocking effects and octupole deformation on 


There are significant effects of 


the pairing gaps in these nuclei. A detailed investigation of 
the pairing shows that the increase of moments of inter J® 
can be attributed to the effects of pairing reduction due to 
rotation, Pauli blocking effects and octupole deformation in 


the reflection-asymmetric U and Pu isotopes. 
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转动 、 堵 塞 效 应 和 八 极 形变 对 U 和 Pu 同位 素 对 关联 的 影响 


ZR, HRR 
(1. 南京 航空 航天 大 学 物理 学 院 , 南京 210016; 
2. 南京 航空 航天 大 学 材料 科学 与 技术 学 院 , 南京 210016 ) 


摘要 : 通过 在 Nilsson 势 中 引入 八 极 关 联 相互 作用 ， 基 于 推 转 壳 模 型 (CSM) 下 的 粒子 数 守恒 方法 (PNC) 处 
理 包 含 单 极 和 四 极 对 力 的 哈密 顿 量 , 研究 了 反射 不 对 称 (RA) 原子 核 的 基态 转动 带 。 基 于 此 ，PNC-CSM 的 计 
算 结果 重 现 了 轻 钢 系 区 偶偶 核 256238U fa OP 的 交替 宇 称 带 ， 以 及 奇 -A 核 37U 和 ”Pu 的 宇 称 带 双重 带 
的 转动 惯量 实验 值 。 与 相 8 2362380 和 3840 Dy 相 比 ， 奇 -A 核 37U fo Pu 的 = i 内 豪 转动 带 的 转 
动 惯量 增加 了 50% ~ 60%。 这 些 增加 的 转动 惯量 主要 是 由 费 米面 附近 中 子 轨道 的 泡 利 堵塞 效应 减弱 了 中 子 体 
系 的 对 关联 导致 。U 和 Pu 同位 素 中 ， 转 动 惯量 随 着 转动 频率 缓慢 增加 则 可 以 解释 为 转动 使 得 体系 的 对 关联 减 
弱 。 在 低频 率 区 ， 反 射 不 对 称 原子 核 的 转动 惯量 明显 高 于 相对 应 的 反射 对 称 (RS) 原子 核 的 转动 惯量 。 并 且 ， 
与 反射 对 称 原子 核 相 比 ， 较 大 的 八 极 形变 将 导致 反射 不 对 称 原 子 核 体系 的 对 关联 减弱 更 加 明显 。 
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